Squamous cell carcinomas (SCCs) of the head and neck are characterized by a high tendency for local invasion and metastasis to lymph nodes. Collagenase-3 (MMP-13) is specifically expressed by tumor cells in SCCs of the head and neck and its expression correlates with their invasion capacity. To specifically examine the role of MMP-13 in the growth and invasion of SCC, we constructed a hammerhead ribozyme targeted against human MMP-13 mRNA. The anti-MMP-13 ribozyme effectively cleaved MMP-13 transcripts in vitro. Adenoviral delivery of the anti-MMP-13 ribozyme to cutaneous metastatic SCC cells in culture resulted in potent and specific inhibition of the production of proMMP-13 and markedly suppressed invasion of SCC cells through Matrigel. In addition, adenoviral delivery of anti-MMP-13 ribozyme promoted apoptosis in SCC cells within 72 h. Intratumoral injection of anti-MMP-13 ribozyme coding adenovirus into human SCC xenografts established in SCID mice potently suppressed tumor growth, inhibited MMP-13 expression and gelatinolytic activity and reduced the number of proliferating cells within the tumors. These results provide evidence for an important role for MMP-13 in SCC growth and invasion and identify MMP-13 as a promising target for ribozyme-based therapy of SCC in vivo.
Introduction
Invasion and metastasis of malignant tumors involves detachment of cancer cells from primary tumor, degradation of structural barriers, such as basement membrane and collagenous extracellular matrix (ECM), and migration of cells through degraded matrix. Matrix metalloproteinases (MMPs) are a family of zincdependent neutral endopeptidases collectively capable of degrading essentially all ECM components, and they obviously play an important role in tumor invasion and tumor-induced angiogenesis (Overall and Lo´pez-Otı´n, 2002; Vihinen and Ka¨ha¨ri, 2002) . In all, 24 human members of the MMP gene family are known, and in addition to ECM substrates they cleave cell surface molecules and other pericellular proteins and activate other proteinases, thereby regulating cell behavior in several ways (Overall and Lo´pez-Otı´n, 2002; Vihinen and Ka¨ha¨ri, 2002) .
Fibrillar collagens are the most abundant structural components of the human connective tissues, and it is conceivable that the ability to degrade them is crucial for invasion and metastasis of neoplastic cells. Collagenase-1 (MMP-1), collagenase-2 (MMP-8), and collagenase-3 (MMP-13) are the principal neutral proteinases responsible for cleavage of native fibrillar collagens of type I, II, III, and V. MMP-13 also cleaves several other ECM components, including type IV, X, and XIV collagens, large tenascin C, fibronectin, aggrecan, versican, and fibrillin-1 (Fosang et al., 1996; Kna¨uper et al., 1996; Ashworth et al., 1999) , as well as non-ECM components, such as chemokines macrophage chemotactic protein-3 and stromal cell-derived factor-1 (McQuibban et al., 2000 (McQuibban et al., , 2001 . The physiologic expression of MMP-13 is limited to situations in which rapid remodeling of collagenous ECM is required, for example, fetal bone development (Johansson et al., 1997b) and fetal skin and adult gingival wound repair (Ravanti et al., 1999b; . The expression of MMP-13 has also been detected in invasive neoplastic tumors, that is, breast carcinomas (Freije et al., 1994) , squamous cell carcinomas (SCCs) of the head and neck (Airola et al., 1997; Johansson et al., 1997a; Cazorla et al., 1998) , vulva (Johansson et al., 1999) , and esophagus (Etoh et al., 2000) , in chondrosarcomas (Urı´a et al., 1998) , primary and metastatic melanomas (Airola et al., 1999; Nikkola et al., 2001) , and urothelial carcinomas (Bostro¨m et al., 2000) . In SCCs of the head and neck, vulva, and esophagus, MMP-13 is expressed by cancer cells at the invading edge of the tumor and the levels of expression correlate with the invasion capacity of the tumors (Airola et al., 1997; Cazorla et al., 1998; Johansson et al., 1997a Johansson et al., , 1999 Etoh et al., 2000) . However, no expression of MMP-13 is noted in premalignant tumors in human skin (Airola et al., 1997) , or by normal epidermal keratinocytes in culture or in vivo (Johansson et al., 1997c; Vaalamo et al., 1997) , indicating that MMP-13 expression serves as a marker for transformation of squamous epithelial cells. As MMP-13 is not expressed in most adult human tissues under normal conditions, downregulating MMP-13 expression may serve as an important strategy for cancer therapy.
Antisense oligonucleotides and catalytic RNAs such as ribozymes are capable of specifically modulating gene expression and they have demonstrated utility in attenuating gene expression by cells in culture and in vivo (Santiago and Khachigian, 2001) . Ribozymes have drawn attention as novel therapeutic agents that can suppress the expression of deleterious proteins by catalysing cleavage of the corresponding mRNAs (Lewin and Hauswirth, 2001 ). Compared to traditional antisense techniques, ribozymes are site specific and their catalytic potential makes them more efficient in suppressing specific gene expression.
In this study, we have designed an antisense hammerhead ribozyme, which specifically cleaves human MMP-13 transcript and constructed a recombinant adenovirus encoding this ribozyme. Our results show that adenoviral delivery of this ribozyme to human SCC cells specifically inhibits MMP-13 expression, invasion, and growth of SCC cells, and promotes their apoptosis. In addition, inhibition of MMP-13 expression suppresses growth of SCC xenografts in SCID mice. Together, these observations provide evidence for an important role for MMP-13 in SCC growth and invasion and identify MMP-13 as a promising target for ribozymebased therapy of SCC in vivo.
Results

Characterization of human MMP-13 antisense ribozyme
An antisense human MMP-13 hammerhead ribozyme was designed to specifically cleave human MMP-13 mRNA between nucleotides 716 and 717 ( Figure 1a) . Binding arms complementary to the target mRNA, flanking the catalytic ribozyme structure are 9 and 8 nucleotides in length in the 5 0 and 3 0 ends, respectively. The search for human genome sequences with this ribozyme sequence revealed no homology to any other known human or mouse genomic sequences. As a control, we designed a corresponding sense ribozyme containing the hammerhead catalytic loop, but unable to anneal to MMP-13 or any other known human or mouse mRNA (Figure 1a) . The MMP-13 antisense and sense sequences containing a catalytic ribozyme loop were cloned into pCI-neo vector, transcribed in vitro, and tested for their ability to cleave human MMP-13 mRNA. The cleavage of MMP-13 mRNA by antisense ribozyme resulted in the generation of fragments of 706 and 736 nucleotides in length, as expected (Figure 1b and c). After 60 min incubation, 50% of target RNA was cleaved and in 8 h all MMP-13 RNA was cleaved into two fragments. No cleavage of MMP-13 mRNA was seen with sense ribozyme (Figure 1a and c) . The cleavage activity of three other potential ribozymes was also tested. Of these, one did not cleave human MMP-13 mRNA at all and the cleavage activity of two other ribozymes was less potent than that of the ribozyme shown above (data not shown).
Adenoviral delivery of MMP-13 antisense ribozyme inhibits MMP-13 expression and invasion of SCC cells
SCCs of the head and neck are malignant tumors with high invasion capacity and they express high levels of MMP-13 (Airola et al., 1997; Johansson et al., 1997a; Cazorla et al., 1998) . To examine the role of MMP-13 in SCC growth and invasion, we constructed a recombinant adenovirus (RAdMMP-13ASRz) encoding human MMP-13 antisense ribozyme. Adenovirus-mediated expression of anti-MMP-13 ribozyme resulted in potent inhibition of MMP-13 production by human cutaneous SCC cell line UT-SCC-7 within 24 h, whereas production of MMP-1, 92-(MMP-9), and 72-kDa gelatinases (MMP-2) was not markedly altered ( Figure 2a ). Infection of cells with control adenovirus RAdMMP13senseRz encoding human MMP-13 sense ribozyme had no effect on MMP-13 production. Marked inhibition of MMP-13 production by ras-transformed HaCaT keratinocytes ( Figure 2b ) and HaCaT cells (data not shown) was also noted in response to MMP-13 antisense ribozyme, whereas production of MMP-1 and 92-and 72-kDa gelatinases by these cells was not altered.
MMP-13 cleaves components of basement membranes (Kna¨uper et al., , 1997a , and the expression of MMP-13 enhances invasion of malignant cells through reconstituted basement membrane, Matrigel (Ala-aho et al., 2002b) . As RAdMMP-13ASRz potently inhibits the expression of MMP-13, we examined its effect on the invasion of SCC cells through Matrigel. As shown in Figure 2c , invasion of UT-SCC-7 cells was significantly (by 80%) inhibited by MMP-13 antisense ribozyme, whereas infection with empty control virus RAdpCA3 and with RAdMMP-13senseRz did not significantly alter the invasion capacity of these cells.
Anti-MMP-13 ribozyme inhibits growth and promotes apoptosis of squamous carcinoma cells
To test the effect of RAdMMP-13ASRz on SCC growth in vitro, we transduced UT-SCC-7 cells with RAdMMPAnti-MMP-13 ribozyme inhibits tumor growth R Ala-aho et al 13ASRz and determined the number of viable cells at different time points. Interestingly, infection with the MMP-13 antisense ribozyme virus reduced the number of viable UT-SCC-7 cells significantly (by 35%) at 96 h after the infection, while the sense control adenovirus had no effect on cell viability in comparison with uninfected control cells (Figure 3a) . Similar results were obtained with HaCaT keratinocytes (Figure 3a) . To determine the effect of anti-MMP-13 ribozyme on cell proliferation, UT-SCC-7 cells (2 Â 10 4 ) were plated on culture dishes, transduced by RAdMMP-13ASRz and RAdMMP-13senseRz and the number of cells was counted every 24 h beginning at day 2. RAdMMP13ASRz inhibited the growth of UT-SCC-7 cells, first noted at 72 h of incubation, as compared to uninfected and control virus-infected cells, and at 120 h the difference in cell number was even more pronounced (47 and 38%, respectively; Figure 3b ). Similar results were also obtained with HaCaT cells, in which RAdMMP-13ASRz reduced the number of cells by 28 and 32%, as compared to uninfected and sense ribozyme virus infected cells, respectively (Figure 3b ).
The effect of anti-MMP-13 ribozyme on cell proliferation was also examined by determining the incorporation of bromodeoxyuridine (BrdU) into cells at different time points following transduction with RAdMMP-13ASRz and the sense ribozyme control virus. The level of BrdU incorporation determined at the 96 h time point was reduced by 52 and 43% in RAdMMP-13ASRz-infected UT-SCC-7 cells and HaCaT cells, respectively, as compared to the corresponding uninfected cells (Figure 3c ). To further elucidate the mechanism of inhibitory effect of anti-MMP-13 ribozyme on cell growth and viability, we used TUNEL staining to detect apoptotic cells in UT-SCC-7 cultures after infection with MMP-13 antisense and sense ribozyme adenoviruses. Interestingly, 15% of cells were identified as TUNEL positive 72 h after the adenoviral delivery of anti-MMP-13 ribozyme, whereas no TUNEL-positive cells were detected in uninfected or RAdMMP-13senseRz-infected cultures (Figure 3d ).
The adenovirus-infected cells were also stained with Hoechst to identify apoptotic cells. Slight alterations in nuclear morphology were detectable in RAdMMP13ASRz-infected cultures already at 72 h, and the release of apoptotic bodies was seen in RAdMMP13ASRz-infected SCC cells 96 h after adenoviral infection (Figure 3d ). No alterations in nuclear morphology were detected in control sense adenovirus and uninfected cultures (Figure 3d ).
Anti-MMP-13 ribozyme inhibits growth of squamous cell carcinoma in vivo To examine whether MMP-13 also plays a role in SCC cell survival and invasion in vivo, we infected UT-SCC-7 cells with RAdMMP-13ASRz or RAdMMP-13senseRz for 6 h. After an 18 h incubation in fresh culture medium, UT-SCC-7 cells (5 Â 10 6 ) were inoculated subcutaneously into the back of SCID mice and tumor size was measured twice a week. Interestingly, no tumor was detected in one out of five mice in the RAdMMP13ASRz group, whereas all mice in groups infected with control virus and uninfected control cells developed tumors. As shown in Figure 4a , the growth of SCC xenografts established with RAdMMP-13ASRz-infected cells was significantly slower (8-15 days delayed) than growth of tumors established with uninfected cells and control virus RAdMMP-13senseRz-infected cells ( Figure 4a ).
Next, we examined the effect of antisense MMP-13 ribozyme on the growth of pre-established human SCC xenografts. UT-SCC-7 cells (5 Â 10 6 ) were inoculated subcutaneously into the back of SCID mice and tumor size was measured at the time of adenoviral injections. In the first experiment, implanted SCC tumors reached a size of 100 mm 3 in approximately 6 weeks after tumor cell injection and recombinant adenoviruses were administered intratumorally twice a week for 4 weeks starting on day 41. Injection of tumors with RAdMMP13ASRz (1 Â 10 9 pfu) resulted in significant inhibition in Anti-MMP-13 ribozyme inhibits tumor growth R Ala-aho et al Anti-MMP-13 ribozyme inhibits tumor growth R Ala-aho et al tumor growth already after two injections (at day 50), and in the end of the experiment (day 67) tumors in RAdMMP-13ASRz group were 62% smaller than in PBS-injected control group (Figure 4b ). In addition, no significant growth was noted in RAdMMP-13ASRz injected tumors after initiation of the adenoviral injections. RAdMMP-13senseRz control virus had no effect on tumor growth (Figure 4b) . Next, the adenoviral dose was escalated by injecting the human SCC xenografts three times a week with the same adenoviral dose (1 Â 10 9 pfu) initiated at day 36 when the tumors reached approximately the size of 100 mm 3 . Again, SCC growth was significantly (by 50%) inhibited by RAdMMP-13ASRz, whereas RAdMMP-13senseRz had no effect on tumor growth compared to PBStreated tumors (Figure 4c ). To estimate the in vivo adenoviral transduction efficiency, SCC xenografts were injected once with b-galactosidase-coding adenovirus and the infected cells were identified by X-gal staining of the tumors 24 h later. Quantitation of the b-galactosidase-expressing cells revealed that 3-5% of cells within tumors expressed this adenovirally delivered gene after a single adenoviral injection (data not shown).
Anti-MMP-13 ribozyme inhibits expression of MMP-13 and gelatinolytic activity in squamous cell carcinomas in vivo
To examine the effect of adenovirally delivered antisense MMP-13 ribozyme on SCCs, the xenografts were harvested in the end of experiments. To verify the inhibitory effect of adenovirally expressed anti-MMP-13 ribozyme on MMP-13 expression, RT-PCR was performed with the RNA samples isolated from tumors injected with adenoviruses three times a week. Tumors injected with RAdMMP-13ASRz showed reduction in human MMP-13 mRNA levels, as compared to RAdMMP-13senseRz-or PBS-injected tumors (Figure 5a ).
To verify the inhibitory effect of adenovirally delivered MMP-13 antisense ribozyme on MMP activity in vivo, tumor sections were studied by in situ gelatin zymography. Marked gelatinase activity was observed in PBS-and RAdMMP-13senseRz-injected tumors, whereas potent reduction in gelatinolytic activity was observed in RAdMMP-13ASRz-injected tumors (Figure 5b ). Addition of MMP inhibitor BB-94 entirely blocked the gelatinase activity in tumor tissue, confirming that gelatin degradation is due to MMP activity.
Anti-MMP-13 ribozyme reduces proliferation of squamous carcinoma cells in vivo
To examine the effect of MMP-13 ribozyme on growth potential of SCC in vivo, proliferating cells in tumor sections were identified by immunohistochemistry using Ki67 as a marker. The Ki67-positive cells were detected near the margin of the tumors (Figure 6a , upper panels). The area of Ki67-positive cells appeared equal in PBSand RAdMMP-13senseRz-injected tumors (Figure 6a) . Interestingly, the Ki67-positive tumor cell area was clearly smaller in SCCs injected with anti-MMP-13 ribozyme adenovirus (Figure 6a) . Determination of the relative number of Ki67-positive cells in SCC xenografts revealed that the area occupied by proliferating cells in tumors injected with anti-MMP-13 ribozyme virus was 30% lower than in the control groups (Figure 6b ). In addition, a correlation was noted between the relative number of proliferating cells and the volume of the 
Discussion
There is a considerable amount of evidence indicating that overexpression of several MMPs correlates with increased invasion capacity and poor prognosis in malignant tumors (Overall and Lo´pez-Otı´n, 2002; Vihinen and Ka¨ha¨ri, 2002) . Several broad-range MMP inhibitors have shown efficacy against the growth and invasion of malignant tumors in preclinical studies, but the outcome of the clinical trials with these inhibitors in patients with different types of tumors has not been encouraging in general (Overall and Lo´pez-Otı´n, 2002; Vihinen and Ka¨ha¨ri, 2002) . Different MMPs are overexpressed in distinct tumors, and therefore the appropriate targets for therapeutic intervention may vary in each type of malignant tumor (Nelson et al., 2000; Overall and Lo´pez-Otı´n, 2002; Vihinen and Ka¨ha¨ri, 2002) . In this context, specific inhibition of the overexpression of particular MMP by antisense ribozyme may serve as a mode for effective targeted therapy in cancer and in other pathological conditions. Accordingly, a ribozyme targeted to rat MMP-9 has been shown to inhibit metastasis of rat sarcomas (Hua and Figure 5 Adenovirus-mediated delivery of anti-MMP-13 ribozyme inhibits MMP-13 expression and gelatinolytic activity in squamous cell carcinomas in vivo. Subcutaneous SCC tumors were established by injecting 5 Â 10 6 UT-SCC-7 cells in the back of SCID mice. The tumors were injected with recombinant adenoviruses expressing human MMP-13 antisense ribozyme (RAdMMP-13ASRz) or sense control ribozyme (RAdMMP-13senseRz) (1 Â 10 9 pfu) three times a week starting on day 36 ( Figure 4c ) and analysed 20 days later. (a) Total RNA was isolated from adenovirally infected tumor tissue and RT-PCR was performed to determine the expression level of human MMP-13 and GAPDH mRNA. The amplification products were fractionated on agarose gel and visualized by ethidium bromide. (b) Gelatinolytic activity in tumors was determined with in situ gelatinase zymography. Gelatinase acitivity is noted as white areas of gelatin degradation in PBS-and RAdMMP-13senseRz-injected tumors (upper panels). The hematoxylin and eosin staining of the parallel tissue sections is shown (lower panels). Gelatinolytic activity of a tumor section of the RAdMMPsenseRzinjected tumor was measured in the presence of MMP inhibitor (BB-94) Anti-MMP-13 ribozyme inhibits tumor growth R Ala-aho et al Muschel, 1996) and a ribozyme against rat MMP-3 inhibits MMP-3 mRNA expression in articular cartilage explants (Jarvis et al., 2000) .
Human collagenase-3 (MMP-13) is expressed by malignantly transformed epidermal keratinocytes, for example, squamous carcinoma cells in culture and in vivo (Airola et al., 1997; Cazorla et al., 1998; Johansson et al., 1997a Johansson et al., , 1999 Nelson et al., 2000) , but it is not expressed by normal epidermal keratinocytes in culture or in vivo (Johansson et al., 1997c; Vaalamo et al., 1997) . In addition, no expression of MMP-13 is noted in premalignant tumors or in normal human skin (Airola et al., 1997) , indicating that MMP-13 expression serves as a marker for malignant transformation of squamous epithelial cells, and suggesting an important role for MMP-13 in the invasion of SCC cells. The inhibition of MMP-13 expression in transformed human epidermal keratinocytes by interferon-g or p53 tumor Figure 6 Anti-MMP-13 ribozyme suppresses proliferation of squamous cell carcinoma. Subcutaneous SCCs were established by injecting 5 Â 10 6 UT-SCC-7 cells in the back of SCID mice. The tumors were injected with recombinant adenoviruses expressing human MMP-13 antisense ribozyme (RAdMMP-13ASRz) or sense control ribozyme (RAdMMP-13senseRz) (1 Â 10 9 pfu) three times a week starting on day 36 (Figure 4c ) and analysed 20 days later. (a) SCC tumors were immunostained for Ki67 as a marker for proliferating cells (upper panels). Weigert-van Gieson staining showed identical collagen layer surrounding the xenografts (red) (middle panels).
Immunohistochemical staining for cleaved caspase-3 showed identical number of positive tumors cells in each group (lower panels). (b)
The relative area of Ki67-positive cells were determined in four distinct fields at Â 4 magnification from all tumor sections using Soft Imaging System's analySIS s program. The average relative number of proliferating cells was compared to the average tumor sizes in each group Anti-MMP-13 ribozyme inhibits tumor growth R Ala-aho et al suppressor markedly reduces their invasion capacity (Ala-aho et al., 2000 (Ala-aho et al., , 2002a . In addition, expression of MMP-13 by human fibrosarcoma (HT-1080) cell line increases its invasion capacity through type I collagen and Matrigel (Ala-aho et al., 2002b) . Together, these features suggest MMP-13 as a potential therapeutic target in SCCs and other malignant tumors expressing MMP-13.
In the present study, we have designed a human MMP-13 antisense ribozyme and tested the effect of adenoviral delivery of this ribozyme on the expression of MMP-13 and invasion capacity of human SCC cells in culture and in vivo. Based on homology search, the MMP-13 antisense ribozyme does not recognize any other human or mouse transcript. The anti-MMP-13 ribozyme specifically cleaves the human MMP-13 transcript in a cell-free system and adenovirus-mediated expression of the ribozyme results in potent inhibition of MMP-13 expression by transformed keratinocyte lines in culture. In addition, our results show that reduced expression of MMP-13 suppresses growth of human cutaneous SCC xenografts in SCID mice and promotes apoptosis and suppresses invasion capacity of SCC cells in culture.
Marked inhibition of MMP-13 production in SCC cells was noted within 24 h after adenoviral delivery of anti-MMP-13 ribozyme, whereas no reduction in cell viability was detected during the first 48 h. Furthermore, no apoptotic cells were detected within the first 48 h after adenoviral delivery of MMP-13 antisense ribozyme, indicating that anti-MMP-13 ribozyme inhibits MMP-13 gene expression and invasion of SCC cells independently of its ability to induce apoptosis. In addition, anti-MMP-13 ribozyme inhibits SCC cell invasion through Matrigel within the first 24 h after adenoviral transduction, indicating that invasion is suppressed due to inhibition of MMP-13 expression rather than reduction in cell viability. The appearance of apoptotic SCC cells was detected 72 h after adenoviral delivery of anti-MMP-13 ribozyme and marked inhibition of cell growth and viability was detected 96 and 120 h postinfection. Together, these data show that suppression of MMP-13 expression by antisense ribozyme results in inhibition of SCC cell proliferation and in apoptosis, suggesting a role for MMP-13 in SCC cell proliferation and survival. These findings are in accordance with our previous observations showing that, in SCC cells treated with interferon-g or infected with p53 adenovirus, downregulation of MMP-13 expression precedes the onset of cell death (Ala-aho et al., 2000 (Ala-aho et al., , 2002a . Whether the promoting effect of MMP-13 on cell growth and survival involves proteolytic processing of growth-promoting factors or cleavage of proapoptotic proteins is not known at present.
In our ex vivo experiment, SCC cell implantation and growth was delayed in SCID mice by adenoviral delivery of anti-MMP-13 ribozyme into SCC cells. Interestingly, one of five mice injected with RAdMMP-13ASRz-infected cells generated no tumor. Since adenoviral genome does not integrate into host cell genome, the adenovirus-mediated gene delivery results in relatively short-term expression of the ribozyme and subsequent suppression of MMP-13 expression. Nevertheless, these observations provide evidence that MMP-13 plays an important role in the early stage of SCC growth.
The injection of human SCC xenografts with RAdMMP-13ASRz resulted in suppression of tumor growth. However, escalation of the adenoviral dose in intratumoral injections from twice a week to three times a week did not further increase the inhibitory effect of anti-MMP-13 ribozyme on SCC growth. This may be due to limited transduction efficiency, as the estimated efficiency of adenoviral transduction into SCC cells by single intratumoral injection is 3-5%. However, as MMP-13 is a secreted proteinase, even this limited transduction efficiency appears to be sufficient to reduce the overall proteolytic capacity within the tumor as a result of repeated injections. Together, these observations show that MMP-13 plays a role in SCC cell implantation and subsequent tumor growth in vivo. Interestingly, the inhibition of tumor growth was associated with reduction in the number of Ki67-positive cells in RAdMMP-13ASRz-injected tumors and the relative number of Ki67-positive cells correlated with tumor size. These results clearly show that anti-MMP-13 ribozyme inhibits SCC cell survival and growth in vivo. Detection of apoptotic activated caspase-3-positive cells in the xenografts in the end of the experiment revealed no differences between anti-MMP-13 ribozyme-injected and control tumors. This is most likely due to the fact that a subpopulation of tumor cells undergoes apoptosis and is eliminated after each adenoviral injection during the entire 20-day experiment and this can be detected as reduction in the relative number of proliferating cells in the end of the experiment.
Interestingly, adenoviral delivery of anti-MMP-13 ribozyme potently inhibited gelatinolytic activity in SCC xenografts in vivo, although MMP-13 is not as potent a gelatinase as MMP-2 and MMP-9, the production of which was not inhibited by anti-MMP-13 ribozyme. There are two possible explanations for this. First, MMP-13 has been shown to activate latent MMPs with gelatinolytic activity, especially MMP-9 and MMP-2 (Kna¨uper et al., 1997b; Murphy and Kna¨uper, 1997) . Therefore, the reduction in gelatinolytic activity may represent reduction in activation of MMP-2 and MMP-9 produced by SCC cells in vivo. Secondly, reduced gelatinolytic activity in anti-MMP-13 ribozyme adenovirus-injected tumors is also likely to represent reduction in viable cell number, as demonstrated by reduction in tumor size and relative number of proliferating cells in these tumors.
The results reported here demonstrate for the first time the therapeutic potential of ribozyme-based specific targeting of MMP-13 expression in inhibition of SCC growth in vivo. The viral vector-based approach may have clinical utility in the locoregional therapy of MMP-13-positive tumors in patients with limited treatment options available. However, for successful therapeutic application, improved delivery approaches will be Anti-MMP-13 ribozyme inhibits tumor growth R Ala-aho et al required to mediate high-level expression of ribozyme. One potential viral vector type for ribozyme delivery is adenoassociated virus, which allows long-term expression of transgene in infected cells in vivo (Hernandez et al., 1999) . Another approach is the direct delivery of ribozyme molecules to tissues using nuclease-resistant ribozymes to overcome the limitations due to the short half-life of RNA. The nuclease-resistant chemically synthesized ribozymes can be administered subcutaneously or intravenously, have excellent specificity, and are well tolerated (Usman and Blatt, 2000) . The nuclease-resistant ribozyme targeted against VEGF receptor mRNA has been shown to decrease lung metastases in mouse model in a dose-dependent manner . Nevertheless, it is conceivable that MMP-13 targeted therapy should be feasible both in malignant tumors, in which tumor cells are positive for MMP-13, such as head and neck SCCs, as well as in therapy of tumors with stromal cells positive for MMP-13, for example, breast carcinomas (Nielsen et al., 2001) .
In addition to invasive malignant tumors, expression of MMP-13 has also been detected in inflammatory conditions characterized by destruction of normal collagenous tissue architecture in osteoarthritic cartilage, rheumatoid synovium, chronic cutaneous ulcers, intestinal ulcerations, chronic periodontitis, atherosclerosis, and aortic aneurysms (Reboul et al., 1996; Lindy et al., 1997; Mao et al., 1999; Sukhova et al., 1999; Uitto et al., 1998; Vaalamo et al., 1998) . As MMP-13 is not expressed in most normal adult human tissues, targeted downregulation of MMP-13 expression by interfering with MMP-13 mRNA stability and translation may serve as a novel and important strategy for therapy of cancer and inflammatory diseases involving untimely expression of this potentially destructive MMP.
Materials and methods
Cell cultures
Human SCC cell line UT-SCC-7, established from metastasis of cutaneous SCC (Johansson et al., 1997a) , was cultured in DMEM supplemented with 6 mmol/l glutamine, nonessential amino acids, and 10% fetal calf serum (FCS). HaCaT cells, an immortalized human keratinocyte cell line (Boukamp et al., 1988) , and A-5 cells, a ras-transformed tumorigenic HaCaT cell line (Boukamp et al., 1990 ) (both kindly provided by Dr Norbert E Fusenig, Deutsche Krebsforschungszentrum, Heidelberg, Germany), were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% FCS.
Design of MMP-13 ribozyme
Altogether, four distinct antisense hammerhead ribozymes targeted to cleave human MMP-13 mRNA were designed and tested for their ability to cleave human MMP-13 mRNA in vitro. Of these, the anti-MMP-13 ribozyme targeted to nucleotides 707-724 in the coding region of the human MMP-13 mRNA sequence (Freije et al., 1994) with the cleavage site targeted between the nucleotides 716 and 717 was selected for further studies (Figure 1a) . A corresponding hammerhead ribozyme control was designed in sense orientation to the same nucleotides. The following oligonucleotides were used for cloning of MMP-13 ribozyme expression vectors. The flanking restriction enzyme cleavage sites are underlined. Equal amounts of reverse (rev) and forward (frw) oligonucleotides were heated to 801C and allowed to cool to room temperature and anneal to form double-stranded DNA molecules encoding MMP-13 antisense and MMP-13 sense ribozymes, which were then subcloned into pCI-neo vector (Promega). Antisense and sense MMP-13 ribozymes were generated by in vitro transcription of linearized pCIneo-ribozyme vectors using T7 RNA polymerase. MMP-13 mRNA was transcribed from linearized pCI-MMP13neo plasmid (Ala-aho et al., 2002b) , resulting in an RNA molecule of 1442 nucleotides in length (Figure 1b) . Ribozyme and the target MMP-13 RNA were heated to 801C in the presence of reaction buffer (50 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 50 mM NaCl), and allowed to cool to room temperature. DTT (at the final concentration 10 mM), RNase inhibitor (10 U), and MgCl 2 (20 mM) were added and the reactions were incubated at 371C for different periods of time. Reactions were stopped by addition of 5 Â RNA loading buffer and products were fractionated on a 5% polyacrylamide gel containing 7 M urea, and stained with 10 mg/ml ethidium bromide.
Oligonucleotide
Construction of adenoviruses coding for MMP-13 antisense and sense ribozymes
Replication-deficient (E1À/E3À) adenoviruses harboring MMP-13 antisense and sense ribozyme coding sequences were constructed, as previously described (Ala-aho et al., 2002b) . The corresponding double-stranded DNA molecules were subcloned into pCA3 shuttle vector under the control of CMV IE promoter. Adenoviral genomic plasmid pBHG10 and the shuttle vectors containing the ribozyme coding region were co-transfected into HEK293 cells (all from Microbix Biosystems, Toronto, ON, Canada). When plaques were visible, cells were harvested in PBS containing 10% glycerol, viruses were released with freon extraction and subjected to plaque purification. Positive recombinants were identified by PCR and sequenced with pCA3 vector-specific primers using recombinant clone viral DNA as template. Positive clones of adenoviruses were chosen to generate high titer preparation (Ala-aho et al., 2002b) . Determination of viral titer was conducted as described previously (Lu et al., 1998) .
Adenoviral cell infections
The multiplicity of infection (MOI) for obtaining maximal infection efficiency of UT-SCC-7 cells has been determined Anti-MMP-13 ribozyme inhibits tumor growth R Ala-aho et al previously (Ala-aho et al., 2002a In the experiments, cells were infected with adenoviruses at MOI 700 for UT-SCC-7 cells, or at MOI 500 for HaCaT and A-5 cells, which gives 100% transduction efficiency in these cells, incubated for 6 h in DMEM with 0.5% FCS. The medium was changed and incubations were continued for 24 h prior to invasion assays or 24-96 h prior to determination of MMP production or cell viability.
Assay of MMP-13 and MMP-1 production
The production of MMP-13 and MMP-1 was determined by Western blot analysis (Ala-aho et al., 2000) using monoclonal antibody (181-15A12) against human MMP-13 (Calbiochem, San Diego, CA) (1 : 100) and rabbit polyclonal antibody against human MMP-1 (kindly provided by Dr H BirkedalHansen, NIDR, Bethesda, MD, USA) (1 : 5000), followed by detection of specifically bound primary antibodies with peroxidase-conjugated secondary antibodies and visualized by enhanced chemiluminescence (ECL; Amersham).
Gelatin zymography
Aliquots of conditioned media were fractionated on 10% SDS-PAGE containing 1 mg/ml gelatin (G-9382; Sigma) and 0.5 mg/ml 2-methoxy-2,4-diphenyl-3(2H)-furanone (Fluka 645989). The gels were washed for 30 min in 50 mM Tris, 0.02% NaN 3 and 2.5% Triton X-100, pH 7.5, and for 30 min in the same buffer supplemented with 5 mM CaCl 2 and 1 mM ZnCl 2 . The gels were then incubated in 50 mM Tris, 0.02% NaN 3 , 5 mM CaCl 2 and 1 mM ZnCl 2 for 24 h at 371C, fixed in 50% methanol/7% acetic acid, stained with 0.2% Coomassie Blue G250, and photographed (Ala-aho et al., 2000) .
Invasion assays
Cell culture inserts (Falcon 3097, Becton Dickinson) with 8.0 mm pore size were coated with 25 mg of reconstituted basement membrane (Matrigel, Becton Dickinson), as described previously (Ala-aho et al., 2000) . For invasions, cells infected with antisense and sense MMP-13 ribozyme adenoviruses (2 Â 10 5 /chamber) suspended in DMEM containing 0.1% BSA were seeded on top of the gel in the upper chamber in a final volume of 200 ml, with DMEM (700 ml) containing 10% FCS as chemoattractant in the lower chamber. After 24 h, cells on the upper surface were gently removed with a cotton bud and the invaded cells on the lower surface were fixed in 2% paraformaldehyde, stained with 0.1% crystal violet, and counted.
Determination of viable and proliferating cell number
For cell viability assays, 1.5 Â 10 4 cells were seeded on 96-well plates and infected with adenovirus RAdMMP-13ASRz or with the corresponding sense adenovirus RAdMMP-13sen-seRz (MOI 700) for 6 h. The cells were incubated for different periods of time and the number of viable cells was determined by CellTiter 96t AQueous Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI, USA).
In addition, UT-SCC-7 and HaCaT cells were seeded on 35 mm plates (2 Â 10 4 cells/plate) in triplicate, infected with recombinant adenoviruses as above, and cultured in 0.5% FCS in DMEM for different periods of time. Cells were trypsinized and counted in each time point.
For determination of proliferating cell number, DNA synthesis in RAdMMP-13ASRz-and RAdMMP-13senseRZ-infected, and uninfected control UT-SCC-7 and HaCaT cells was analysed by measuring 5-bromo-2-deoxyuridine (BrdU) incorporation in the colorimetric Cell Proliferation ELISA assay (Roche Diagnostics, Mannheim, Germany). The assay was performed according to the manufacturer's instructions. Briefly, the cell cultures on 96-well plates were labeled with BrdU-labeling reagent (10 ml/well) for 5 h after each time point. The cells were fixed and incubated with peroxidase-labeled anti-BrdU for 90 min. After three washes with PBS, 100 ml/well tetramethyl-benzidine (TMB) was added and the plates were incubated until color development (15 min). Absorbance values were measured at 405 nm using an ELISA reader.
Determination of apoptotic cells
Adenovirus-infected SCC cells were cultured in serum-free DMEM on glass slides for different periods of times, washed with PBS, fixed with ice-cold methanol, and washed with PBS. To detect apoptotic cells, the TUNEL reaction was performed using the In Situ Cell Death Detection Kit (Roche) according to the manufacturer's instruction. TUNEL-positive cells from each slide were counted under a fluorescent microscope. In parallel cultures, the nuclei of SCC cells were stained with Hoechst-33342 (10 mg/ml), and analysed by fluorescence microscopy for detection of apoptotic cells.
Growth of human SCC xenografts in SCID/SCID mice
All experiments with mice were performed according to institutional animal care guidelines and with the permission of the animal test review board of the University of Turku, Finland. Male severe combined immunodeficiency (SCID/ SCID) mice, 6-8 weeks old, were used in all experiments. In ex vivo experiments, UT-SCC-7 cells were infected as described above at MOI 700 for 6 h, washed with PBS, incubated in fresh medium for 18 h and detached with trypsin. Trypsin was neutralized with 10% FCS in DMEM and cells (5 Â 10 6 / mouse) in 100 ml of PBS were injected subcutaneously to the back of SCID mice (n ¼ 5 for each experimental group). Tumor size was measured twice a week and calculated as length Â width 2 Â 0.5. For intratumoral injection of recombinant adenoviruses, tumors were established by injecting UT-SCC-7 cells (5 Â 10 6 ) subcutaneously to the back of mice and allowed to grow to the size of 100 mm 3 . The adenoviruses (1 Â 10 9 pfu) in 0.1 ml PBS were then injected intratumorally 2-3 times a week for 3 weeks. Tumor size was measured before each injection and calculated as above. Infection efficiency was determined by single injection of RAdLacZ into tumor, followed by fixation and staining for b-galactosidase activity (Ahonen et al., 2002) .
RNA analysis by RT-PCR
Total RNA was isolated from SCC xenografts using RNeasy kit (Qiagen, Chatsworth, CA, USA) and the expression of MMP-13 mRNA was determined by RT-PCR. Aliquots of total RNA (100 ng) were reverse transcribed into cDNA and a 300 bp fragment of human MMP-13 cDNA corresponding to nucleotides 534-833 (Freije et al., 1994) was amplified by PCR using human MMP-13-specific primers, as described previously (Ravanti et al., 1999a) . As control, forward oligonucleotide (5 0 -CCCATGGCAAATTCCATGGCA-3 0 ) and reverse oligonucleotide (5 0 -TCTAGACGGCAGGTCAGGTC-3 0 ) were used to amplify glyceraldehyde-3-phosphate dehydrogenase (GAPDH) with 40 cycles of denaturation at 941C, annealing at 661C, and extension at 721C. The PCR products were subjected to electrophoresis on a 2% agarose gel and visualized by ethidium bromide.
Immunohistochemistry
Tumors were fixed overnight in phosphate-buffered 10% formalin and embedded in paraffin. Serial sections of 5 mm were deparaffinized and processed with citrate buffer in a microwave oven. Proliferating cells were detected immunohistochemically on paraffin-embedded sections using monoclonal antibody against human Ki67 (MIB-1; DAKO, Denmark). Negative control sections were incubated without primary antibody. The area of Ki67-positive cells was determined in four distinct fields at Â 4 magnification from all tumor sections using Soft Imaging System's analySIS s program. Mayer's hematoxylin was used as counterstain in all immunostainings. For detection of apoptotic cells, tissue sections were immunostained using rabbit polyclonal antibodies against cleaved caspase-3 (Asp-175; Cell Signaling Technology, Beverly, MA, USA), as described previously (Ahonen et al., 2003) . Collagen in peritumoral area was detected by Weigert-van Gieson staining.
In situ gelatin zymography
Pieces of tumors were mounted into Tissue-Tek and flashfrozen in liquid isopentane. Gelatinase activity was detected by gelatin in situ zymography as previously (George et al., 2000) . Briefly, 7 mm frozen sections (4 sections/sample) were applied to glass slides and coated with LM-1 photographic emulsion (Amersham International, UK) diluted 1 : 2 with incubation medium (50 mM Tris-HCl, 50 mM NaCl, 10 mM CaCl 2 , 0.05% Brij 35, pH 7.6). After incubation overnight at 371C in a humidified box, slides were developed in the light with Kodak D-19 developer (Kodak, Bridgend, Wales, UK) and fixed using Kodak Unifix solution. In addition, gelatinase zymography for a tumor sample injected with RAdMMP-13senseRz was performed with 500 nM of the MMP inhibitor BB-94 (Pfizer, Sandwich, UK). Gelatinolytic activity was identified as white areas of lysis on the black background.
Abbreviations ECM, extracellular matrix; MMP, matrix metalloproteinase; SCC, squamous cell carcinoma; BrdU, 5-bromo-2-deoxyuridine.
